Topological superconductors are predicted to harbor exotic boundary states -Majorana zero-energy modes -whose non-Abelian braiding statistics present a new paradigm for the realization of topological quantum computing. Using low-temperature scanning tunneling spectroscopy (STS), we here report on the direct real-space visualization of chiral Majorana edge states in a monolayer topological superconductor, a prototypical magnetsuperconductor hybrid system comprised of nano-scale Fe islands of monoatomic height on a Re(0001)-O(2×1) surface. In particular, we demonstrate that interface engineering by an atomically thin oxide layer is crucial for driving the hybrid system into a topologically nontrivial state as confirmed by theoretical calculations of the topological invariant, the Chern number.
To demonstrate the creation of topological superconductivity and the ensuing chiral Majorana modes through interface engineering in 2D magnet-superconductor hybrid structure, we have grown nano-scale Fe islands of monoatomic height on the (2×1) oxygen-reconstructed (0001) surface of the s-wave superconductor Re under ultra-high vacuum (UHV) conditions. The insertion of an atomically thin oxide separation layer between the magnetic Fe island and the superconducting Re surface is shown to be crucial for the emergence of a topologically nontrivial superconducting state, which is absent when the Fe island is deposited directly on the surface of the superconducting Re substrate. The spatially-and energy-resolved differential tunneling conductance, / , was measured in situ using a low-temperature scanning tunneling microscope (STM) with a superconducting Nb tip to improve the energy resolution (see Supplemental Information (SI) Materials and Methods).
A constant-current STM image of the Fe/Re(0001)-O(2×1) hybrid system with a single nanoscale Fe island is shown in Fig. 1C . In general, it is not possible to identify the relative positions of the Fe-and O-atoms with respect to the Re surface atoms from STM images. However, DFT studies [21] suggest that the O-atoms are located above the hcp hollow sites of the Re(0001) surface, forming a p(2×1)structure, as confirmed by topographic surface profiles from the STM image (see SI Sec. 1). Moreover, our theoretical analysis discussed below suggests that the Fe atoms are located directly above the surface Re atoms, thereby continuing the ABAB stacking of the Re bulk lattice with the intermediate O atoms located above the Re hcp hollow sites. The resulting atomic structure of the hybrid system is displayed in Fig. 1D . The raw / measured above the O(2×1) surface with a superconducting tip is shown in Fig. 1E (see SI Sec. 1). To account for the energy dependence of the density of states in the tip, we deconvolute the raw / using standard methods (see SI Sec. 2), yielding the deconvoluted / shown in Fig.  1F . The energies of the coherence peaks reveal a superconducting gap of ∆ O(2×1) ≈ 280 μeV which is slightly lower than that measured on the pure Re(0001) surface ( ∆ Re ≈ 330 μeV ). Spectroscopic measurements on different structural domains of the O(2×1) layer indicate a uniform spatial distribution of the superconducting gap.
A necessary requirement for the emergence of topological superconductivity is that the Fe islands couple magnetically to the superconducting Re surface. The observation in / of a YuShiba-Rusinov (YSR) in-gap state [22] [23] [24] [25] [26] near an isolated magnetic Fe adatom located on top of the O(2×1) surface demonstrates the existence of the magnetic coupling to the superconducting Re surface, despite the presence of an intermediate oxide layer (see SI Sec. 1). Moreover, the presence of the nanoscale Fe island gives rise to the formation of a band of YSR states near the O(2×1) gap edge [17] . As a result, / measured in the middle of the Fe island reveals a smaller superconducting gap Δ Fe ≈ 240 μeV than that of the O(2×1) layer (see Fig. 1F ).
A hallmark of 2D topological superconductors is the existence of dispersive, in-gap Majorana modes that are spatially located along the edges of the system [15, 17, 27] (Figs. 1A and B) . To visualize the existence of such modes, we present in Figs. 2A-F (Figs. 2G-L) the raw (deconvoluted) spatially resolved differential tunneling conductance, in and around the nano-scale Fe island shown in Fig. 1C , with increasing energy, from up to the energy of the coherence peak at ∆ Fe . At (Fig. 2G) , the / map exhibits a large intensity along the edge of the Fe island (confined to within a distance of 5 nm from the edge), clearly indicating the existence of an in-gap edge mode expected for a topological superconductor. With increasing energy ( Fig. 2H and  I ) the edge mode begins to extend further into the island, consistent with an increase in the mode's localization length, ( ) (Fig. 1A ) (see discussion below). Note that the / measured inside the Fe island and along the edge are of similar intensity already for energies below Δ Fe , when the localization length becomes comparable to the size of the Fe island (Fig. 2J , ≈ ±140 μeV, see discussion below). Increasing the energy even further reverses the intensity pattern, such that at the energy of the coherence peaks Δ Fe ≈ ±240 μeV (Fig. 2L ) the / intensity at the edge is smaller than that in the island's center.
To theoretically understand the origin of the combined spatial and energy distribution of the experimentally observed differential tunneling conductance, we consider the Hamiltonian = + + (for details and parameters, see SI Sec. 3), where ( ) describes the real-space intra-and inter-orbital hopping elements, the spin-orbit coupling, and superconducting pairing in the Re 5d-orbitals (Fe 3d-orbitals), and represents the electronic hopping/hybridization between the Re surface and the Fe island. As the magnetic structure of the Fe island cannot be deduced from the experimental STS data obtained with a superconducting Nbtip, we consider two magnetic structures for the Fe magnetic moments, which are typically observed on surfaces: a ferromagnetic, out-of-plane alignment [28] as well as a 120° Néel-ordered in-plane structure [29] . To directly compare the theoretically computed local density of states (LDOS) with the experimental results, we consider an Fe island with the same lattice structure and number of atoms as studied experimentally that is located on a Re(0001)-O(2×1) surface. We model the influence of the intermediate O(2×1) layer through a modification of the hybridization described by .
For a ferromagnetic structure, the theoretically computed spatial and energy dependence of the LDOS (Figs. 2M-R) agrees well with that of the deconvoluted experimental differential tunneling conductance (Figs. 2G-L) . Similarly, the theoretically computed LDOS inside the Fe island and of the bare Re(0001)-O(2×1) surface also shows a reduction of the superconducting gap in the former (see SI Sec. 3), in agreement with the experimental findings (Fig. 1F) . Moreover, computing the topological invariant [30] (see SI Sec. 3) for the parameters used in Figs. 2M-R, we obtain a Chern number = 20. These results taken together strongly suggest that the edge modes shown in Fig. 2 are chiral Majorana modes arising from an underlying topological superconducting state in the Fe/Re(0001)-O(2×1) hybrid system. Note that uncertainties in the band parameters, and in particular in the hybridization strength, might affect the actual value of the Chern number, but will not result in a topologically trivial phase (see discussion below). Similarly, we find that the system is a topological superconductor for a 120° Néel-ordered in-plane structure [29] of the Fe moments (see SI Sec. 4). Since the energy and spatial dependences of the edge modes similar to those shown in Figs. 2M-R are also found in generic models of topological superconductors (see SI Sec. 5) [17] , they should be considered a universal feature of topological superconductivity.
A further important signature of Majorana modes is that they are topologically protected against edge disorder according to the bulk-boundary correspondence [27] . Indeed, edge modes that possess a trivial, non-topological origin can easily be moved away from the Fermi energy, or even be destroyed by disorder. However, the experimentally studied Fe island does not only possess a spatial symmetry different from the underlying Re(0001)-O(2×1) surface, but also exhibits a large degree of disorder along its edges (Fig. 1C) . The fact that despite this disorder, edge modes are observed at , further supports our conclusion that these modes are topologically protected chiral Majorana modes.
To further elucidate the properties of the Majorana edge modes, we present in Fig. 3 the deconvoluted differential tunneling conductance (Fig. 3A) and the theoretically calculated LDOS (Fig. 3B ) for increasing energy along a cut through the Fe island, as shown in the insets (the surface profile of the island is shown in the lower panels of Fig.3A and B) . Both quantities agree quantitatively and decay as expected exponentially into the island with a localization length ( ) (as sketched in Fig. 1A ) that increases with increasing energy. The maxima in / and the LDOS are located right at the edge of the island for all energies, as expected from generic models of topological superconductors with a dominant s-wave order parameter [18] (see SI Sec. 5). This very good agreement between the topographically determined edge of the Fe island and the maximum in / therefore provides additional evidence for the topological nature of the edge modes. Note that the recently reported spatial splitting of the edge mode [18] can only be understood if one assumes a topological superconductor with a predominant p-wave order parameter [18] , or if the edge mode starts to hybridize with bulk states [19] .
The question naturally arises to what extent the observed topological superconducting phase of the Fe/Re(0001)-O(2×1) hybrid system is robust against variations in the strength of parameters, such as the hybridization between the Re surface and the Fe island, , which is mediated by the O(2×1) oxide layer, or the chemical potentials, or . To investigate this question, we present in Fig. 3C the topological phase diagram of the system, as a function of and (the Chern number was calculated as described in SI Sec. 3, and the parameters for the system considered above are indicated by a yellow circle). The phase diagram clearly reveals an abundance of topological superconducting phases in close proximity to each other that are characterized by different Chern numbers. While the uncertainty in the electronic band parameters we have used to describe the Fe/Re(0001)-O(2×1) system can result in an uncertainty of the actual Chern number in the experimentally realized system, the fact that the system resides in a topological phase is robust. This substantiates our conclusion that the observed edge modes directly reflect the topological nature of the magnet-superconductor hybrid system.
To demonstrate that interface engineering using an atomically thin oxide layer is crucial for the emergence of topological superconductivity in the Fe/Re(0001)-O(2×1) hybrid system, we contrast the above results with those obtained when the Fe layer is directly deposited on the Re(0001) surface without an intermediate oxide layer [29] (see Fig. 4 ). In this case, with the Fe atoms being located directly above the Re(0001) hcp hollow sites (Fig. 4H ), / measured on the Fe islands exhibits no signature of edge modes in the raw data ( Fig. 4E -G) as well as in the deconvoluted data ( Fig. 4I-K) ; rather it reflects delocalized, bulk-like excitations throughout the entire Fe island at . Our theoretical analysis of this system reveals (using the same set of parameters as for Fig. 2M -R) that the change in the spatial location of the Fe atoms with respect to the Re(0001) surface (arising from the missing intermediate oxide layer) renders the electronic structure of this hybrid system gapless. As a result, the LDOS at is non-zero, leading to the delocalized excitations observed experimentally. Moreover, the absence of a gap implies that the system is in a trivial, non-topological phase, explaining the absence of edge modes, as observed experimentally. Thus the change in the relative position of the Fe and Re atoms induced by the presence of the oxide layer is crucial for realizing topological superconductivity in the hybrid system.
In conclusion, we reported the engineering of topological superconductivity and direct visualization of theoretically predicted Majorana edge modes in a nano-scale Fe island located on a Re(0001)-O(2×1) substrate. The combination of spatially resolved spectroscopy and topographic information allowed us to not only correlate for the first time the energy and spatial dependence of the observed in-gap edge modes with the physical edge of the Fe island, but also to demonstrate the robustness of these edge modes against edge disorder [no topographic information was available in a previous study using Pb/Co/Si(111) heterostructures [18] ]. Both of these experimental observations, which are in very good agreement with our theoretical calculations, represent hallmarks of the modes' topological nature. Our theoretical studies also demonstrate that the emergence of topological superconductivity in Fe/Re(0001)-O(2×1) does not require any finetuning of parameters, but is expected over a wide range of band parameters and magnetic structures. Moreover, we demonstrated that the emergence of topological superconductivity in such a hybrid magnet-superconductor system is only made possible through interface engineering using an atomically thin separation layer. The direct real space visualization of chiral Majorana edge modes demonstrated here, in combination with STM-based single-atom manipulation techniques [12, 20] , opens unprecedented opportunities to realize topological phases in artificial 2D magnetic adatom arrays on elemental superconducting substrates providing fascinating building blocks for future topological quantum computer architectures. Competing interests: Authors declare no competing interests.
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Materials and Methods
Experimental details and Data Acquisition Preparation of the model-type hybrid sample and the STM-tip
An atomically clean Re(0001) surface was prepared in ultra-high vacuum (UHV) by repeated cycles of Ar + -ion sputtering and annealing at temperatures between 1150°C and 1250°C followed by flashing the substrate at 1530°C [31] . The surface cleanliness was checked in situ by STM after transferring the sample into the cryostat. The ultrathin oxide layer was grown by flashing the Re single crystal in an O2 atmosphere (the pressure range of 10 -9 ~ 10 -10 mbar) [32] . Fe was deposited by electron beam evaporation from a pure Fe rod (99.99+%) yielding a coverage of about 0.4 monolayers (ML).
The Nb-tip used for the STM/STS experiments was mechanically cut ex situ at ambient conditions and then inserted into the UHV system. It was conditioned by applying voltage pulses (few V for 50 ms) and gentle indentation into the Re(0001) surface. Its quality was judged acceptable if a sufficiently large Nb gap could be reproduced and no in-gap states were observed in the tunneling spectra obtained on the Re(0001) surface.
STM/STS data acquisition
The experiments were carried out in a 3 He-cooled low-temperature STM system (USM-1300S, Unisoku, Japan) operating at T=360 mK under UHV conditions. Spectroscopic data were obtained by measuring the differential tunneling conductance (dI/dU) using a standard lock-in technique with a bias modulation voltage of 20 µVrms and a frequency of 841 Hz with opened feedback loop. The bias voltage was applied to the sample and the tunneling current was measured through the tip using a commercially available controller (Nanonis, SPECS, Swiss).
Supplementary Text Section 1: Surface Characterization of Fe/Re(0001)-O(21)
A typical STM image of the Fe/Re(0001)-O(2×1) hybrid system with an individual Fe adatom (red dot) is shown in Fig.S1A . In general, it is not possible to identify the relative positions of the Fe-and O-atoms with respect to the Re surface atoms from the STM images. However, DFT studies [21] suggest that the O-atoms are located above the hcp hollow sites of the Re(0001) surface, forming a p(2×1) structure (see Fig.1D of the main text). This is confirmed by a surface profile (Fig.S1B , along the blue line in Fig.S1A ) which reveals a periodicity of 2·aRe·cos(30°) = 0.47 nm as expected for the oxygen-induced p(2×1) structure with the lattice constant of the Re(0001) surface, aRe =0.274 nm.
The differential tunneling conductance, / , measured above the O(2×1) surface ( ≈ ±20 μeV [12] , is significantly reduced compared to that in the presence of the oxide layer, reflecting an increased interaction strength in the former case.
Section 2: Deconvolution procedure of the tunneling spectra for the superconductorsuperconductor tunneling junctions
In the STM configuration, the tunneling current ( ) through the STM junction is proportional to the convolution of the tip density of states (TDOS, ρ (E)), surface density of states (SDOS, ρ (E)), and the Fermi-Dirac distribution function ( ( , )). Therefore, the tunneling current and the differential tunneling conductance are expressed by
where T is the temperature of the system. Here, in this study, we were using a superconducting Nb tip to improve the energy resolution of the tunneling spectroscopy measurements. We assume a conventional BCS-type DOS for both the tip and the surface with the superconducting gaps of the tip and surface (∆ , ∆ ) and the broadening parameter  [33] as given by
We find ∆ , ∆ and  values of 1.41 (0.86) meV, 0.28 (0.30) meV and 0.023 (0.020) meV at the effective temperature, Teff=0.4 K, by fitting the spectra obtained on the oxidized Re surface (the bare Re surface) away from the Fe island, and by considering the ac modulation of 20 µVrms used for the spectroscopic measurements ( Fig. 1E and 4B, black) . To extract the SDOS from the measured tunneling spectra using the superconducting Nb tip, it is necessary to deconvolute the SDOS from the measured spectra based on known information about the tip. As a mathematical approach for this procedure, we use a similar method as described in Ref. [34] .
The Eq. (S2) is in the form of a Fredholm integral equation of the first kind:
where ( ) is the measured spectrum with an error ( ), ( , ) is the known function, which can be calculated with the assumed TDOS, and are finite integration limits and ℎ( ) is the unknown function to be found as the SDOS. This integral form can be rewritten in the discrete form of the linear equations [35] :
The matrix is defined by:
Here, the matrix elements of A can be obtained by considering Eq. (S2):
To minimize the error, we assume ℎ( ) to be a smooth function and introduce an adjusting parameter γ as a prefactor of the trivial matrix H, which can be arbitrarily chosen [36] .
Finally, we can obtain the column vector of the deconvoluted spectrum by applying the operation into the column vector of the measured spectrum as given by:
All deconvoluted spectra ( Fig. 1F and 4C ) and differential tunneling conductance maps (Fig.  2G-L and Fig. 4I-K) in the main text are computed by applying the method described above. Note that we calculate the matrix A whenever the measurements were performed with different tips because the superconducting gap of the Nb tip strongly depends on the condition of the tip apex, i.e. its crystalline structure and shape [37] .
Section 3: Theoretical Model
To investigate the electronic structure of the Fe/Re(0001)-O(2×1) hybrid systems, we employ a Slater-Koster [38] tight-binding Hamiltonian which models the Re bulk system with the relevant surface structure as a two-dimensional system. The resulting Hamiltonian is given by:
where the spinors are defined via † = ( ,↑ † , ,↓ † , ,↓ , − ,↑ ) (S13) 
and similarly for r † . The electron creation operators r † ( r † ) create an electron in the Fe 3d orbitals (Re 5d orbitals) at site r. and describe the hopping and on-site interaction parameters, respectively. The hopping interactions are given by:
where and are Pauli matrices acting on particle-hole and spin degrees of freedom respectively, are the Slater Koster matrices for , , and bonds between d orbitals, are the tightbinding hopping integrals, and is the Rashba spin-orbit coupling. For the results shown in the main text, the lattice structure of the above Hamiltonian (which determined the form of ) is shown in Fig. 1D of the main text. The on-site interactions are given by: where is the chemical potential, is the spin-orbit coupling, is the superconducting s-wave order parameter, and J is the magnetic exchange coupling. Explicitly, the spin-orbit term is given by: 
We use a constant pairing term between orbitals of opposite , i.e. 0
Fe(Re)
,↑ † − ,↓ † + ℎ. . which then yields for the superconducting order parameter in the cubic harmonic basis: 
where the sign difference between the order parameters in the Δ and Δ on one hand, and Δ , Δ 2 − 2 and Δ 3 2 − 2 is due to = (−1) − . We fix the superconducting order parameter of iron and rhenium, such that the energies of the coherence peaks match the experimentally measured ones, and scale down the band parameters for iron [39] to 0.8% and rhenium [39] to 10% of the original theoretical values such that the coherence length also matches the experimental values. We use the hopping integrals from rhenium scaled by 1/10 for the hopping integrals between iron and rhenium to simulate the effect of the oxide layer. The parameters are listed in Table S1 . Note that Fe itself is not superconducting; superconductivity is only proximity-induced from the Re substrate. In order to describe the magnet-superconductor hybrid system efficiently, we consider only the effective two-dimensional system, as mentioned before. As a consequence, a superconducting order parameter for Fe, ∆ , explicitly appears in the Hamiltonian, to account for the proximity-induced superconductivity.
P(k)
at points in the neighborhood of k to approximate the partial derivatives using the central difference method [40] , then integrated using an adaptive quadrature rule [41] . The parameter / used in Fig. 3C is the ratio of hybrid coupling to rhenium coupling which is kept the same for each bond, i.e. / = / for ∈ { , , }.
Section 4: Magnetic Structure of the Fe Island and Topological Superconductivity
We next consider a 120° Néel-ordered in-plane structure of the Fe moments [29] , as shown in Fig.  S3A . In Fig. S3B , we show the resulting superconducting gap and Chern number as a function of . The chemical potential used in the main text is indicated by a green arrow. Similarly to the ferromagnetic, out-of-plane structure discussed in the main text, we find that the system is in a topological phase with Chern number = 3.
For a magnetically disordered Fe island (i.e., for a completely random orientation of the magnetic moments) the hybrid system is gapless, and hence in a trivial, non-topological phase. As a result, the LDOS at shows delocalized, bulk-like excitations in the Fe island, as shown in Fig. S4 .
Section 5: Evolution of Topological Majorana modes in a Generic Topological Superconductor
To demonstrate the universality of the combined spatial and energy evolution of Majorana edge modes shown in Fig. 2 of the main text, we consider a previously introduced generic model for a topological superconductor described by the Hamiltonian [15, 17] 
and r runs over all sites, δ runs over hopping directions, R runs over magnetic impurity sites, τ and σ are Pauli matrices acting on particle-hole and spin degrees of freedom, respectively, t is the hopping integral, α is the Rashba spin-orbit coupling, μ is the chemical potential, Δ0 is the superconducting s-wave order parameter, and J is the magnetic exchange coupling. We consider a two-dimensional square lattice, with a circular magnetic island of radius 15 0 , as shown in Fig.  S5A In Fig. S5B -G, we present the energy evolution of the LDOS, which is qualitatively similar to that shown in Fig. 2 of the main text for the Fe/Re(0001)-O(2×1) hybrid structure. Moreover, a plot of the LDOS as a function of position (along a cut through the island) and energy shown in Fig. S5H reveals that the chiral Majorana mode is located at the edge of the island for all energies up to the superconducting gap edge.
We therefore conclude that the combined spatial and energy evolution of the topological Majorana edge modes, as reflected in the LDOS, is universal, and does not depend on a particular band structure. (B-G) Spatially resolved LDOS from EF to Δ0 for μ=-4t, α=0.8t, Δ0 =1.2t, and J=2t. Here, Δ0 is the s-wave order parameter and Δgap is the calculated gap in the magnetic island (Δgap=0.62Δ0). Such a large value of Δ0 is necessary in order to obtain a coherence length that is smaller than the size of the island, otherwise no well-defined edge modes can be observed. As the energy increases, the weight of the LDOS moves from the edge of the magnetic island toward the center, similar to the results shown in Fig.2 
